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1.  Introduction 

InAs/InGaSb superlattice (SL) materials are an excellent candidate for infrared photodiodes with 

cut-off wavelengths beyond 15 µm, i.e. in the very long infrared wavelength (VLWIR) range. 

There are relatively few options for high performance infrared detectors to cover wavelengths 

longer than 15 µm, especially for operating temperatures above 15K. There are a variety of 

possible superlattice designs that will cover the VLWIR wavelength range, including designs 

with and without indium alloying of the GaSb layers.
1
 For homogeneous InGaSb alloys transport 

modeling found that alloy scattering should be negligible for electrons.
2
  In addition, there can be 

benefits for incorporating InGaSb into the VLWIR SL design, such as a higher molecular beam 

epitaxy (MBE) growth temperature which should reduce point defects in the InGaSb,  simpler 

interfaces with the continuous indium flux, suppressed Auger recombination rates, and larger 

absorption coefficients due to thinner periods in these designs.  

 

Our focus is on designs with 25% indium in the gallium antimonide to achieve energy band gaps 

less than 50 meV with a superlattice period on the order of 68 Å. Similar to the work reported on 

InAs/GaSb LWIR and VLWIR superlattices
3-5

, our designs employ InGaSb layers less than 7 

monolayers in width. While the superlattice designs are strain balanced to the GaSb substrate, 

care was also taken to minimize strain spikes in the interfacial regions. High resolution 

transmission electron microscope images were analyzed to create strain mapping profiles of the 

SL layers and interfaces. By focusing on a narrow set of VLWIR SL designs, the deposition 

parameters for the molecular beam epitaxial SL growth could be carefully optimized.  

 

The electrical and optical properties of the VLWIR superlattices were characterized by variable 

temperature Hall Effect measurements and by infrared photoresponse spectra. The photoresponse 

spectra consistently showed a band gap energy of 47 ± 3 meV for the samples studied and a 50% 

cutoff wavelength at ~ 19 µm. The repeatability of these very narrow band gap superlattices over 

multiple sample depositions, and while some growth parameters were being adjusted, shows the 

tight control obtainable with molecular beam epitaxy. Narrow band gap designs are very 

sensitive to small changes in layer widths.
6
 Variable temperature Hall effect measurements found 

that the mobility of electrons in the SL was ~10,000 cm
2
/Vs below 80 K and was relatively 

constant in magnitude.   
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2.  Sample Fabrication/design 

The VLWIR SLs were grown by molecular beam epitaxy using standard metal effusion cells for 

Ga and In, and valved cracker cells for As and Sb. In order to minimize cross contamination of 

the anion fluxes, the V/III flux ratio was set at a minimum of 3 for both the InAs and GaSb 

depositions. The grow rates were: 1.20 Å/s for GaSb, 1.6 Å/s for In0.25Ga0.75Sb, and 0.33 Å/s for 

InAs. The SL stack (0.5 µm) and the GaSb buffer layer (0.5 µm) were deposited on lightly doped 

n-type GaSb (100) wafers at a temperature of 410 C for InAs/GaSb and 430 C for 

InAs/InGaSb.  For the InGaSb based  VLWIR SL we used a design of 47.0 Å InAs/21.5 Å 

In0.25Ga0.75Sb as calculated by Grein et al.
 7

 to have a band gap of 80 meV at 40K.  The interface 

between the InAs and InGaSb layers was not intentionally controlled by shutter sequence to be 

either InSb-like or GaAs-like. The residual strain of the two InGaSb based SLs remained small 

and slightly compressive at +0.2 % (samples A and B). For the GaSb based VLWIR SL we used 

a design, based on our previous studies
8
, of 48 Å InAs/20.5 Å GaSb including the controlled 

InSb-like interfaces. The controlled interfaces are necessary to strain balance the lattice 

mismatched InAs. With the controlled InSb-like interfaces the net strain of sample C was close 

to zero. The structural parameters of the samples, such as SL period, residual strain, and 

individual layer thickness were confirmed by high-resolution transmission electron microscopy 

(HRTEM)
 
and high-resolution x-ray diffraction (HRXRD) measurements.  A summary of the 

intended SL designs, measured HRXRD SL period, and measured band gap energy determined 

from the onset of the photoresponse spectra is given in Table 1. 

 

Table 1. Sample designs, SL period measured by x-ray diffraction and the optical band gap 

energy determined by the photoresponse spectra. 

Sample InAs (Å) GaSb (Å) In (%) IF (Å) Period (Å) Eg (meV) 

A 47 21.5 25 0 68 46 

B 47 21.5 25 0 68 44 

C 46.5 18 0 1.5/2.5 69 63 

D 47 21.5 25 0 68.5 45 
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3.  Structural Characterization 

In this section we present results from a high-resolution transmission electron microscope 

(HRTEM) study, wherein the superlattices were imaged using recent techniques based on 

aberration-corrected TEM.  As reported in recent studies
9-12

, the improved spatial resolution 

achieved by aberration correction offers the capability for quantitative image analysis, 

particularly with regard to determining the composition and strain profiles across interfaces at 

atomic resolution.  In the present study an investigation is performed to examine the strain 

distribution in these superlattices. A detailed description of the methods adopted, including the 

techniques for image acquisition and analysis and its application to InAs-GaSb superlattices, are 

presented in a recent report.
12

 In brief, the superlattices were imaged using a Titan 80-300 TEM 

equipped with an (image) spherical-aberration corrector, and strain analysis of the HRTEM 

images was performed using the peak-pair method.
13

 The analysis was performed such that the 

strain components xx was parallel to the interface (along [011]) and yy along the growth 

direction ([100]). 

 

Figure 1 is a HRTEM image of sample A, showing the individual layers in the superlattice near 

the substrate region, where the In0.25Ga0.75Sb and InAs layers appear dark and bright 

respectively.  From these images the average superlattice period was determined be 67.6 ± 0.3 Å, 

with an average layer thickness of 24.1±1.6 Å for InAs and 44.1±1.2 Å for In0.25Ga0.75Sb.  The 

results from strain analysis of the HRTEM images are shown in Fig. 2, where Fig. 2(a) is a map 

of the strain tensor yy, and Fig. 2(b) is a profile of its distribution across individual layers, 

averaged parallel to the interface within the area indicated in the figure. It is observed that the 

InGaSb layers (bright yellow regions) are in compressive strain, which is consistent with the  In 

content (x=0.25) in these layers, and that the InAs layers (bright green) are in tensile strain of 

about 0.01, which is in agreement with theoretical calculations of based on published values of 

elastic constants. The InGaSb-on-InAs and InAs-on-InGaSb interfaces are seen to exhibit strain 

inversion so that the overall strain in these regions is negligible.  
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Figure 1. A HRTEM image of sample A showing the first few layers in the InGaSb/InAs 

superlattice near the GaSb substrate. 
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(a)  

(b)  

Figure 2 Strain analysis of sample A showing (a) the map of the strain tensor, yy,  parallel 

to the growth direction and (b) a plot of the strain profile averaged parallel to the interface, 

over the boxed region in (a). 

 

While for the most part the observations for sample A were similar to  other superlattices 

reported in recent studies
11,12,14

,  it is important to emphasize  that the strain distribution profiles 

at the InGaSb-on-InAs interfaces for this sample were distinctly different from those observed in 

earlier studies. To elaborate further, we present results from a recent study
14

 which pertain to 

sample D in Table 1. Although samples A and D are similar in design, the HRXRD profiles for 

the two samples showed that sample A was in compressive strain with respect to the GaSb 

substrate ( = +0.17%), whereas sample D was closely lattice matched ( = 0.0%).  Fig. 3a shows 

the strain map for sample D, and Fig. 3b the profile of ɛyy, averaged parallel to the interface 

within the boxed region in Fig. 3a. The profile in Fig. 3b shows sharp negative spikes at the 

InGaSb-on-InAs interface (denoted by arrows), which are not observed in the strain profile for 
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sample A (Fig. 2b). The negative spikes indicate that this interface is in tensile strain and that the 

dominant bond type at this interface is Ga-As.  In both samples the InGaSb layers have a peaked 

compressive strain of around 3%, while the regions corresponding to the InAs-on-InGaSb 

interfaces are nearly strain balanced due to strain inversion. Based on the values of overall strain 

for the two samples determined by HRXRD, it is clear that the tensile strain at the InGaSb-on-

InAs interface is important for achieving strain balance in the alloyed superlattice.  As observed 

in earlier reports, the maps of xx for both of the samples (A & D) showed negligible values 

indicating that these interfaces were coherent with the GaSb substrate.  

 

(a)  

(b)  

Figure 3 Strain analysis of sample D showing (a) the map of the strain tensor, yy,  parallel 

to the growth direction and (b) a plot of the strain profile averaged parallel to the interface, 

over the boxed region in (a). 
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4.  Optical Characterization 

The photoresponse spectra were measured on the SL samples using the photoconductive mode 

where indium strip contacts were applied to top of the SL stack. The samples were typically 5 

mm by 10 mm in optical area with ~3 mm between the two strip contacts on the long sides of the 

rectangular samples. Care was taken to keep the indium strips away from the edge of the 

samples. Due to the less than 1 kΩ resistance of the samples at low temperature the spectra were 

collected in a current bias mode versus using a voltage bias.  Spectra were measured from 8 K up 

to 80 K for these narrow band gap samples.  Since an FTIR spectrometer was used to collect the 

spectra, the photoresponse does not have quantitative units and is instead expressed in arbitrary 

units. However, a comparison can be made between samples run under the same experimental 

conditions to measure improvements to the SL deposition conditions.  

 

The photoresponse spectrum of a typical VLWIR superlattice (sample A) is shown in Fig. 4. The 

band gap is determined by drawing a line down the photoresponse (PR) onset and finding the 

energy for zero PR. This avoids the band tail issue.  The measured band gap energies are shown 

in Table 1. For a much larger sample set than these few samples the average band gap energy for 

the same superlattice design was 47 ± 3 meV. The measured band gap energies are lower than 

the theoretically predicted value of 80 meV by Grein et al.
7
  and the cutoff wavelength of 19 µm, 

measured at the point where the PR intensity has dropped by 50%, is longer.  The HRXRD and 

cross-sectional TEM measurements confirm that the SL samples grown were very close to the 

intended design so that the discrepancy between theory and experiment must originate in the 

modeling.   

 

A good photoresponse signal was measured despite the fact that the SL total thickness was only 

~3 % of the VLWIR photon wavelength.  For a maximum absorption coefficient of 2500 cm
-1 

at 

5.6 µm, the absorption quantum efficiency would only be ~7 % in the mid-infrared in a single 

pass, and about half this value by λ > 12.5 µm.  The heavy fringing on the long wavelength 

portion of the spectrum is not noise but a result of multiple internal reflections through the 

substrate/buffer/superlattice stack.   The lightly n-type GaSb wafers do have significant infrared 

transparency.
15

  As shown in Fig. 4, the SL has its maximum response over a wide wavelength 

range up to ~15 µm.  
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Figure 4. Photoresponse spectrum at 8K for sample A. 

 

The impact of reducing the interface strain on the superlattice photoresponse was studied. For 

this study we compared sample A and sample D used in the HRTEM study. These two samples 

were grown about a week apart such that the overall MBE conditions were nearly the same 

except for the arsenic beam equivalent pressure which was set ~30% higher for sample D.  A 

comparison of the two photoresponse spectra measured at 8 K is shown in Figure 5.  Overall the 

two spectra are very similar with the same onset energy and 50% cutoff wavelength.  There is a 

difference in the magnitude of the photoresponse such that sample D produced about 80% of the 

signal of sample A. Our run to run variation of photoresponse intensity when remounting and 

retesting the same sample is on the order of 10% or less. So the intensity difference between 

these two samples is larger than experimental variation. Still, the intensity difference is not very 

large so the impact of a negative strain spike at the InGaSb-on-InAs interface may be relatively 

minor.  
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Figure 5. Comparison of the photoresponse spectra of sample A and sample D taken under 

the same experimental conditions at 8 K. 
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5.  Electronic Transport Measurements   

The use of lightly n-type GaSb substrates for the superlattice deposition provides the opportunity 

to measure the superlattice transport properties without any contribution from the substrate.
16  

The substrate had a carrier concentration of 2 x 10
16

 cm
-3

 at 10 K and mobility below 4000 

cm
2
/Vs  in the temperature range from 5 K to 300 K.  Given that the n-type substrate electrons do 

not freeze out, and their mobilities remain finite at low temperatures, the charge carrier 

contributions from the substrate would be expected to dominate the Hall transport measurements, 

as happens for the standard n-type GaSb wafers that are more heavily doped with tellurium.  

However, the combination of a lightly n-type substrate with the intrinsically p-type GaSb buffer 

layer provides electrical isolation of the VLWIR superlattice over a wide temperature range. This 

eliminates the need for inserting AlGaSb barrier layers, which can roughen the subsequent 

superlattice layers, trying to grow a comparable quality SL on semi-insulating GaAs versus 

GaSb, or trying to remove the substrate and measure properties without negatively impacting the 

SL material in the process. 

 

The in-plane transport properties of sample A are shown in Figs. 6 and 7.  Figure 6 shows the 

carrier concentration vs. inverse temperature data while Fig. 7 shows mobility vs. temperature.  

The sample is n-type at all temperatures which is typical for VLWIR SL designs where InAs is 

the major portion of the SL period.  The electron sheet concentration is relatively independent of 

temperature below 80 K with value of 6.4 x10
11

 cm
-2

 at 10 K.  Above that temperature the 

concentration increases rapidly with increasing temperature.   This is most likely thermal 

activation of free carriers, possibly across the superlattice bandgap.  Activation from some other 

layer in the structure cannot be ruled out at this time.  The mobility in Fig. 7 also shows 

distinctly different behavior above and below 80 K.  Above this temperature it shows behavior 

similar to bulk semiconductors, as seen in the lightly n-type GaSb in Fig. 8, with decreasing 

mobility from 140 K to 80 K, similar to ionized impurity scattering, followed by a decreasing 

mobility reminiscent of optical phonon scattering at temperatures above 140 K.  Below 80 K the 

mobility is only weakly dependent on temperature.  Among the possible low temperature 

scattering mechanisms two are particularly important for SLs, interface roughness
11

 (IRS) and 

alloy scattering
2
 (AS).  For a constant carrier concentration IRS has been proposed to be 

independent of temperature
17

 while AS is expected to go as temperature to the minus one half 

power
2
.  To investigate the impact of alloy scattering two samples were grown to nearly identical 

specifications except that sample B had alloyed InGaSb while sample C used GaSb.  The 

temperature dependences of the mobilities of these two samples from 10 K to 80 K are shown in 

Fig. 9 along with a solid line representing a T
-1/2

 dependence.   It is clear from Fig. 9 that 

alloying the GaSb layer does not significantly affect either the magnitude or the temperature 

dependence of the electron mobility at low temperatures.  For thin GaSb or InGaSb layers, there 

is significant wave function overlap/penetration of the electron wave function into the alloyed 

layer so alloy scattering needs to be considered. 
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Figure 6. Carrier concentration versus inverse temperature for sample A. 

 

 
Figure 7.  Mobility versus temperature for sample A. 
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Figure 8. The mobility as a function of temperature for a lightly N-type GaSb substrate. 

 

 
Figure 9.  Mobility versus temperature, linear T scale, for alloyed and unalloyed 

superlattices. Sample B (○) and sample C (x). 
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6.  Electronic Transport Modeling 

In this section we calculate temperature-dependent perpendicular and horizontal interface 

roughness scattering (IRS)-limited mobilities
18,19

 for sample C  by expanding on our earlier work 

on low temperature transport in InAs/GaSb SLs.
20,21

  The present treatment is specialized to 

electron transport, following the details provided in the low-temperature calculation
18-20

 : the 

electron band structure,  zk , and wave functions in the growth direction zk  are calculated using 

the 3x3 envelope-function approximation (EFA). However, the electron and hole masses, ||m , in 

the in-plane direction are found from the full 8x8 EFA.
22 

 Temperature-dependent lattice 

constants, band gap energies, and other physical data for InAs and GaSb are taken from 

Vurgaftman et al.
23

  Hence, the band structure, the carrier density, and carrier screening
24-27  

are 

fully temperature dependent. The source of IRS scattering rates are fluctuations,  , in InAs layer 

width, which are characterized by the lateral correlation length of interface fluctuations  .
28-33

  

Using the calculated electron and heavy-hole energy bands for sample C, the chemical potential 

was calculated as a function of temperature. Then the Boltzmann equation was solved for the 

relaxation rates, which were then used to calculate the electron mobilities.  The calculated 

horizontal and vertical mobilities and the measured horizontal mobility for sample C are shown 

in Fig.  10. The value of  =200 Å best fits the shape of the measured horizontal mobility. The 

magnitude of the measured mobility is best fit using the vertical roughness parameter  = 1.62 

Å, if both interfaces are equally rough. In the temperature interval shown, the horizontal mobility 

is relatively flat, while the vertical mobility decreases. The overall agreement between 

experimental and theoretical horizontal mobility is good.  

 

While the calculations highlighted in Fig. 10 show a relatively small temperature dependence of 

the IRS limited horizontal mobility, changes in the selection of   and   can lead to IRS limited 

mobilities that exhibit a much stronger temperature dependence as shown in Fig. 11. For these 

calculations the same sample C design parameters were used, but  was set to 3 Å and   was 

varied from 30 Å to 300 Å. Therefore, the relatively constant mobilities we see consistently 

below 80 K in a variety of superlattice samples with different designs may have a different 

explanation rather than simply IRS limited behavior.   
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Figure 10.  The calculated horizontal and vertical mobilities, using Λ = 200 Å and Δ = 1.65 

Å, and the measured horizontal mobility as a function of temperature for the 48.1 Å 

InAs/20.4Å GaSb SL 

 

 
Figure 11.  The temperature dependence of IRS-limited, horizontal mobilities for a 48.1 Å 

InAs/20.4 Å GaSb SL as a function of correlation length. 
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7.  Summary 

There are many advantages for using InGaSb alloys in the design and growth of VLWIR 

InAs/(In)GaSb superlattices: higher MBE growth temperature, simpler interface growth and 

mitigation of strain spikes, reduced Auger rates
7
 and higher quantum efficiency. Alloy scattering 

of charge carriers was shown not to be a factor the electronic transport so there are no 

disadvantages to incorporating the indium into the GaSb layers.  Variable temperature Hall effect 

measurements found that the in-plane mobility of electrons in the SL was ~10,000 cm
2
/Vs below 

80 K and was relatively constant in magnitude.  Theoretical modeling of the vertical transport, in 

the interface roughness scattering limit, found the electron mobility perpendicular to the SL 

layers was nearly equivalent the in-plane mobility below 20 K but then had a stronger 

temperature dependence and dropped to ~6,000 cm
2
/Vs by 60 K.  The vertical transport is an 

important parameter in photodiode performance. 

 

A quantitative analysis of the strain distribution was performed at the atomic scale by aberration 

corrected TEM. The results highlight the role of strain distribution at the InGaSb-on-InAs 

interfaces in the superlattices examined in this study. Capability for these measurements is 

important for understanding HRXRD data, particularly with regard to interpreting effective 

superlattice strain measurements. 

 

The photoresponse spectra of the 47.0 Å InAs/21.5 Å In0.25Ga0.75Sb  SL design consistently had 

band gap energy of 47 ± 3 meV and a 50% cutoff wavelength at ~ 19 µm. The repeatability of 

these very narrow band gap superlattices over multiple sample depositions, and while some 

growth parameters were being adjusted, confirms the tight control obtained with our molecular 

beam epitaxy system. By focusing on a narrow set of VLWIR SL designs, the deposition 

parameters for the MBE SL growth can be carefully optimized.  
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS 
 

Acronym Definition 

SL Superlattice 

VLWIR Very Long Infrared Wavelength 

MBE Molecular Beam Epitaxy 

HRTEM High-Resolution Transmission Electron Microscopy 

HRXRD High-Resolution X-Ray Diffraction 

FTIR Fourier Transform Infrared 

PR Photoresponse 

IRS Interface Roughness Scattering 

EFA Envelope-Function Approximation 

 


